The first microRNAs (miRNAs) were identified as essential, conserved regulators of gene expression, targeting the same genes across nearly all bilaterians. However, there are also prominent examples of conserved miRNAs whose functions appear to have shifted dramatically, sometimes over very brief periods of evolutionary time. To determine whether the functions of conserved miRNAs are stable or dynamic over evolutionary time scales, we have here defined the neutral turnover rates of short sequence motifs in predicted primate 3 0 -UTRs. We find that commonly used approaches to quantify motif turnover rates, which use a presence/absence scoring in extant lineages to infer ancestral states, are inherently biased to infer the accumulation of new motifs, leading to the false inference of continually increasing regulatory complexity over time. Using a maximum likelihood approach to reconstruct individual ancestral nucleotides, we observe that binding sites of conserved miRNAs in fact have roughly equal numbers of gain and loss events relative to ancestral states and turnover extremely slowly relative to nearly identical permutations of the same motif. Contrary to case studies showing examples of functional turnover, our systematic study of miRNA binding sites suggests that in primates, the regulatory roles of conserved miRNAs are strongly conserved. Our revised methodology may be used to quantify the mechanism by which regulatory networks evolve.
Introduction
Prominent studies have shown experimentally that some conserved microRNAs (miRNAs) can regulate the same targets over deep evolutionary time (Pasquinelli et al. 2000; Moss and Tang 2003; Kucherenko et al. 2012; La Torre et al. 2013 ), yet most conserved miRNAs have no experimentally identified conserved target genes and are dispensable in Caenorhabditis elegans under laboratory conditions, suggesting that the function of these conserved miRNAs may be changing or hidden (Chen and Rajewsky 2007; Miska et al. 2007) . Of the 21-23 nucleotides of a mature miRNA that might potentially base pair to regulate target mRNAs, only the first seven to eight nucleotides are essential (Lewis et al. 2003; Brennecke et al. 2005) . This region has come to be known as the "seed" of miRNA target interactions and has been used as a basis for computationally predicting potential interactions between miRNAs and their target mRNAs. In support of a model of the conserved roles of miRNAs, Farh et al. (2005) have used these computational predictions to show that miRNA binding sites are conserved relative to random sequence within 3 0 -UTRs. This signature of relative conservation has served as a basis to improve miRNA targeting prediction, implemented through the popular miRNA target predictor TargetScan (Lewis et al. 2003 . In addition to this work, evolutionary analyses have shown that SNPs in miRNA binding sites are rare relative to other SNP classes and that miRNAs themselves appear to be deeply conserved as a class Rajewsky 2006a, 2006b ). Together, this literature suggests that miRNAs are conserved regulators of key developmental processes.
Simultaneously, many of these same studies and others also show evidence that the processes miRNAs participate in are changing. Since the first miRNAs were discovered, very few appear to be similarly essential to developmental processes (Miska et al. 2007) or to participate in targeting interactions that are well conserved, even for miRNAs that are themselves extremely well-conserved (Chen and Rajewsky 2007; Gao 2010) . In previous studies, which used a comparative approach to examine 3 0 -UTRs derived from human, dog, mouse, rat, and chicken to find the conservation levels of miRNA targets (as defined by miRNA seed complementarity), 90% of potential miRNA binding sites are estimated to be nonconserved Farh et al. 2005; Xie et al. 2005 , as summarized in Hiard et al. 2010, fig. 2A ). Within these nonconserved target sites, many appear to be functional in vitro (Farh et al. 2005) , and evolutionary studies have estimated that 30-50% of nonconserved miRNA binding sites may be functional (Chen and Rajewsky 2006b) .
Some of the most compelling evidence that miRNAs may play nonconserved roles comes from a study of the members of a recently speciated clade of cichlids with dramatically divergent behavior, morphology, and diet but nearly identical genomes (so much so that the majority of SNPs within species are also shared between them). Genotyping of these species revealed both a significantly elevated occurrence and divergence of SNPs in predicted miRNA binding sites relative to the surrounding 3 0 -UTR and the rest of the genome. These results suggest that the modifications underlying speciation in these fish may be driven in part by changes in miRNA regulation (Loh et al. 2010) .
Similar restructuring of miRNA regulatory networks has been seen in insects, through an evolutionary and experimental study of the miR10/100 family of miRNAs, which found that the strand from which the mature form of this conserved miRNA hairpin is derived has shifted at least three times during insect evolution, completely changing the functional targets of this conserved gene (Griffiths-Jones et al. 2011) .
One explanation for the conservation of miRNAs despite shifts in the target genes invokes a model in which miRNAs may improve the robustness of gene regulatory networks by participating in feedback loops that buffer the genome against perturbations (Wu et al. 2009 ). According to this model, removing miRNAs does not necessarily produce any particular phenotype but makes phenotypes less stable in environments that fluctuate, a process known as canalization. miR-7 has been demonstrated to participate in this type of role in the neuronal specification of D. melanogaster, as flies lacking miR-7 develop abnormally only at fluctuating temperatures (Li et al. 2009 ). Interestingly, the robustness of these networks has been shown to contribute to the overall evolvability of systems by permitting phenotypes to vary and thus to be exposed to natural selection -allowing miRNAs in these roles to indirectly modulate the pace of evolution (Wu et al. 2009 ). Indeed, through multigenerational selection experiments, it is shown that miR-9a, another miRNA that ensures the precise neuronal specification in Drosophila (Li et al. 2006) , dampens the impact of genomic diversity on variability of cell behavior (Cassidy et al. 2013) . This model does not predict the pace at which miRNAs change their targets but only suggests that traits that vary will be less heavily regulated by miRNAs than canalized traits. Under this model, the loss of individual binding sites reduces the overall canalization of pathways, making them less robust and more heritably variable, whereas the gain of binding sites confers the opposite effect. In this way, strong positive or negative selection may operate on binding sites without any immediately observable phenotypes.
As an alternative explanation for changes in regulatory networks, and the increase in regulatory complexity inferred from reconstructed ancestral states, it has been proposed that regulatory complexity evolved not out of increased selective pressure but due to its absence (Lynch 2007) . Under this model, increases in regulatory complexity are compensations for weakly deleterious alleles that cannot be purged effectively by purifying selection. This model leads to the hypothesis that changes in miRNA targeting will be expected to be quite frequent, and to lend themselves to the gradual, constant accumulation of new miRNA binding sites, with little selective pressure for the loss of existing interactions.
Quantifying the rate at which miRNA binding sites evolve has important implications for discovering the purpose of miRNA regulatory networks, yet even individual studies such as those described above show contradictory evidence as to whether fast or slow turnover rates predominate in the targeting of mRNAs by miRNAs. Although we know of only one other study that has undertaken a systematic survey of miRNA binding site turnover rates (Xu et al. 2013) , several studies have examined the turnover rate of miRNAs themselves by scoring extant species as having or not having particular miRNAs and extrapolating ancestral states accordingly (Nozawa et al. 2010 (Nozawa et al. , 2012 Meunier et al. 2013; Xiao et al. 2013 ). These motif-based ancestral reconstruction studies show a systematic increase in the number of miRNAs over evolutionary time.
We have here applied existing approaches and devised alternative methods to more accurately survey the rates at which primate 3 0 -UTRs gain and lose the binding sites necessary for miRNA targeting. In this way, we can differentiate between models proposing that miRNAs are changing their functions rapidly via positive selection, are strongly conserved via purifying selection, or are evolving neutrally via drift.
Results and Discussion

Approaches and Terminology
Initially, we applied an ancestral reconstruction model which we have termed the "motif-based" approach. For these purposes, we defined the presence of a motif in a given lineage as an exact match to a given sequence (an arbitrarily chosen eight base pair stretch of nucleotides with no initial reference to function) at a given position in a 3 0 -UTR alignment. Using this definition, we assigned each species as either having or not having the motif of interest and used these values to infer ancestral states most parsimonious with the observed distribution of the motif in extant lineages. Ancestors inferred not to have a motif whose descendants possessed a motif at the site in question were considered as "gain" events in the descendants, whereas ancestors inferred to have a motif whose descendants did not possess the motif were considered to have "lost" this motif. This process was repeated across all possible eight nucleotide motifs and all positions of all 3 0 -UTRs. Note that in this model, only the presence or absence of a motif is inferred in the ancestor and not the ancestral sequence itself. Therefore, it is possible in this case for two sister species that differ by a single nucleotide to have an inferred ancestor that is inferred not to have either descendant state and for a motif to be inferred as arising without destroying any existing motif in the ancestor.
We also implemented a second approach, termed a "nucleotide-based" ancestral reconstruction, which uses a per-nucleotide ancestral motif reconstruction approach to infer ancestral motif states. Note that unlike the motifbased ancestral reconstruction, with this method ancestral sequences can be queried directly, and every loss of a 1895 Evolutionary History of Primate miRNA Binding Sites . doi:10.1093/molbev/msu129 MBE particular motif by point mutation in an ancestral sequence can be alternatively defined as the gain of the new descendant motif.
The Undercounting of Losses by the Motif-Based Parsimony Approach
The motif-based approach which we initially used to determine the turnover rates of miRNA binding sites was designed in a similar way to previous studies conducted on miRNAs themselves (Nozawa et al. 2010 (Nozawa et al. , 2012 Meunier et al. 2013; Xiao et al. 2013) . Although there are variations in methodology, all of these approaches use the presence or absence of a gene in extant species to infer presence or absence of the gene in ancestral lineages. Our motif-based approach yielded results suggesting that miRNA binding sites, like miRNA genes, are gained much more frequently than they are lost, leading to a net gain of miRNA binding sites over time. However, when this work was repeated with all motifs of length 8, including those not thought to have any function, the bias remained (table 1, fig. 1A ). These results were quite unexpected; in the absence of insertions and deletions (which we excluded from analysis), every motif lost from an ancestral sequence should be replaced with a different motif in a descendant created by a point substitution, such that although individual motif types might be selected for or against, gains and losses should be identical overall.
To further examine these results, we simulated neutral data whose ancestry could be directly queried, with speciation times based on those estimated for primates. Using our initial approach, we found that in this neutral data set, the apparent rate of miRNA binding site gain still dramatically outpaced the rate of binding site loss ( fig. 2A ). When we used the known ancestors to determine actual turnover rates, it was immediately apparent that our initial method dramatically undercounts loss events ( fig. 2B) . A more detailed analysis revealed that the inferred discrepancy between binding site loss events and gain events is due to a saturation of mutations in the underlying sequence and inherent differences in the effects of this saturation on gain and loss events. In instances in which multiple independent mutations produce the same outcome in two groups of species sharing a common ancestor, the assumption of infinite sites is violated, and approaches assuming that every mutation occurs at a separate site will misinfer a single event in the lineage leading to the ancestor ( fig. 3 ). This applies equally to both gain and loss substitutions. However, when gain and loss events are scored at the level of motifs, the probability of multiple convergent gain events in the descendants of a common ancestor lacking a motif is much less than the probability of multiple convergent loss events in an ancestor possessing a motif. This is because convergent loss events in two descendant lineages can occur through any two mutations anywhere within the existing motif, whereas convergent gain events from the same inherited ancestral sequence require the same mutation to occur twice at the same site ( fig. 3 ). Because this probability of independent convergent losses is inherently much greater than the probability of independent convergent gains, any method that initially scores a motif only as present or absent will misinfer multiple loss events as a single loss much more often than it misinfers multiple gain events as a single gain, in a manner that becomes increasingly evident as the sequence divergence between species increases and the likelihood of convergent substitutions within a motif increases accordingly. This correlation of levels of bias with evolutionary divergence can be observed both experimentally (see table 1 ) and via simulation (data not shown). Moreover, because our motif-based approach infers only the presence or absence of a motif in the ancestral sequence, in cases of multiple mutations within a single region, an ancestral sequence can be inferred as not being any one motif, resulting in an inference of multiple de novo motifs having arisen at this location without any corresponding losses in the undefined ancestor.
Correctly Counting Gains and Losses
To correct for the bias induced by the motif-based approach, we implement a nucleotide-based model (using the maximum likelihood based program dnaml) to reconstruct ancestral sequence states and directly measure gain and loss events relative to these ancestral sequences (Felsenstein 2013 Earlier studies examining the turnover rates of miRNA genes find many more gain events than losses.
b When using these methods, more gains than losses are inferred for the turnover rates of miRNA binding sites in the 3 0 -UTRs of primates.
c Simulated neutral data sets (which have been simulated to have identical gain and loss rates in reality) also infer more gains than losses.
By implementing an explicit model of nucleotide mutation likelihoods, the maximum likelihood model partially corrects for the undercounting of loss and gain events due to multiple substitutions at the same site. By reconstructing individual nucleotides rather than only scoring for absence of a particular binding site, this approach is able to explicitly define ancestral motifs, forcing every gain of a new motif to come about through the loss of an ancestral sequence. This approach is also able to count different nucleotide mutations causing the loss of the same motif as independent events, thus avoiding the misinference of a single ancestral loss in these cases and normalizing the undercounting of loss events to be the same as that of gain events. With this modified approach, we revisited our simulated data set to reconstruct ancestral nucleotides and observed turnover rates that closely reproduced those found when using the known ancestors ( fig. 2C ). Using this approach, gains and losses were correctly inferred to occur in equal proportion (with minor discrepancies due to the misinference of ambiguous nucleotides in some of the ancestral sequences), and when this revised approach was applied to our experimental data set, gains and losses were also inferred in equal proportions ( fig. 1B) . Turnover rates of 8mers in a long, neutrally evolving simulated primate sequence. In (A), the motif-based approach finds many more gain events than losses. In (B), we show the actual numbers of turnover events that occurred globally in this neutrally evolving sequence, in which gains and losses are balanced as every 8mer lost from an ancestor is also a gain of a new 8mer in the descendant. In (C), the maximum likelihood approach to ancestral reconstruction finds similar gain events to loss events, but slightly underestimates overall gains and losses relative to actual events. Because DNAML creates a trifurcation at the root, some turnover events from the common ancestor of Human, Chimp, Gorilla, and Orangutan are misattributed to Gibbon.
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FIG. 1. Two methods for inferring turnover rates in syntenically defined primate 3 0 -UTRs. In (A), the ancestral states of 3 0 -UTRs (containing or not containing a binding site) are inferred using presence/absence calls in extant species at the level of motifs, and gains and losses are in turn inferred from the inferred ancestors. Losses appear to occur much less frequently than gains. In (B), a revised maximum likelihood approach using individual reconstructed ancestral nucleotides was applied to primate 3 0 -UTRs. The skew toward gains is completely ameliorated.
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Inferring the Evolutionary Rate of miRNA Binding Sites
When short sequences corresponding to miRNA binding sites were empirically ranked relative to other sequences one mutational step away-to mirror the underlying evolutionary pressures operating on nucleotide composition as closely as possible (see Materials and Methods)-we observed that miRNA binding sites corresponding to a large number of well-conserved miRNAs had both lower loss rates and lower gain rates than any other members of their cohorts of nearly identical sequences. When searching for this pattern across all short sequences, we found that both 7mers and 8mers corresponding to miRNAs have a significantly greater proportion of slow ranking gain and loss rates than that of the overall pool of short sequences. This result was most pronounced in the case of 8mers, in which, out of the set of 93 well-conserved miRNAs, seven had both gain rates and loss rates slower than all sequences one mutational step away, whereas only 60 out of all 65,536 8mers met this criteria in the full pool (empirical binomial P value 2.46 Â 10
À12
) as shown in table 2. When presented graphically, it is immediately apparent that 8mers corresponding to conserved miRNAs undergo gain and loss events much less frequently than the overall pool of 8mers (fig. 4) . We also examined various other metrics of binding site turnover rates (gain and loss rates slower than the median, gain rates slower and loss rates faster than the median, gain rates faster and loss rates slower than the median, gain and loss rates both faster than the median, and gain and loss rates faster than all sequences one mutational step away) and found that binding sites of conserved miRNAs were much more likely than other sequences to be slow evolving and less likely to be fast evolving. Consistent with experimental evidence that 8mers are the biologically relevant determinants of miRNA-mediated gene regulation (Brennecke et al. 2005) and that the ninth nucleotide does not contribute to seed binding, 9mer results were markedly less significant than those of 7mers and 8mers, with 8mers showing the most significant results.
Biological Implications
Having found a strong signal of slower overall turnover rates for the binding sites of strongly conserved miRNAs relative to our data set as a whole, it is notable that although crystal structures only show evidence for interactions between nucleotides 2-8 of mature miRNAs and target mRNAs (Faehnle et al. 2013) , binding sites defined as the reverse complement of nucleotides 1-8 had a stronger signal than any other seed examined. These results cannot be explained by any neutral byproduct of the eight nucleotide at position 1, as adding a nucleotide at position 9 abolishes significance completely.
Previous work has found increased signatures of conservation for mRNAs containing an "A" opposite the first nucleotide of the mature miRNAs (Brennecke et al. 2005; Lewis et al. 2005) , but as there is a strong bias toward "U" at this position in the mature miRNA, it is unclear whether this signature of conservation is due to base pairing or some other factor. To understand the nature of this interaction, we examined the subset of conserved miRNA 8mer seeds whose first nucleotide is not a "U." We found that out of 32 such miRNAs, 21 of the binding sites for these miRNAs had reduced turnover rates when modified to contain an "A" opposite the first nucleotide relative to the unmodified binding sites. Although individual reductions in turnover rate were only modest and nonsignificant, the binomial probability of 21 reduced turnover rates in 32 trials occurring by chance is 6.16 Â 10 À7 (supplementary table S1 , supplementary file S1, Supplementary Material online). These results lend support to the notion that an "A" opposite the first nucleotide has a general stabilizing effect on the interaction between miRNAs and mRNA targets through mechanisms other than base pairing.
Our data set contains well-conserved miRNAs whose binding sites are turning over faster than most sequences one mutational step away, as well as some whose binding sites exhibit unbalanced gain and loss rates. Strong skews in the turnover rates of particular well-conserved miRNAs may represent potential candidates for miRNAs with newly evolved functions. Some of the 60 8mers in the overall data set with slower gain and loss ranks than all other sequences one mutational step away may likewise correspond to the motifs of Although parsimony approaches may misinfer independent gain substitutions in multiple descendants as single events (A) and independent loss substitutions as single events (B), independent gains in an ancestral sequence one step away from being a binding site can only occur by one type of substitution (represented by two independent T->A events at position 5), whereas independent loss substitutions can occur by any event anywhere within an existing site (here represented by C->G at position 3 and A->T at position 5). Independent, misinferred loss substitutions are therefore much more likely to occur than independent, misinferred gains. undiscovered 3 0 -UTR regulators with strongly constrained function.
Contrary to theoretical arguments advocating the neutral expansion of complex regulatory networks, and case studies of newly evolved regulatory circuits that may underlie adaptive changes in miRNA targeting, our empirical results on a large number of well-conserved miRNAs show that in general, the regulatory networks of well-established miRNAs are neither expanding nor contracting within primates, and there is no significant enrichment for miRNA binding sites with rapid turnover. Instead, we find evidence of strong purifying selection against both gains of new sites and loss of existing ones. Taken as a class, the binding sites of well-conserved miRNAs change extremely slowly, suggesting that the evolutionary niche played by miRNAs in primates is not largely driven by positive selection, but by the maintenance of conserved essential biological functions, many of which may be as yet undiscovered. These conserved functions may serve to canalize or modify gene expression levels. Although our study cannot directly address the evolutionary dynamics that play out in other taxa, the accumulation of more experimentally annotated 3 0 -UTRs across closely related species groups should make this possible in the near future.
Conclusions
Our results suggest that the eighth nucleotide at position 1 of miRNA seeds may impart specificity to miRNA targeting, that the binding sites of well-conserved miRNAs are governed by strong purifying selection in primates, and that the functions of well-conserved miRNAs are therefore also likely to be strongly conserved.
Methodologically, our study makes several improvements over previous approaches to the quantification of motif turnover rate dynamics. By examining every nucleotide for maximum likelihood reconstruction rather than applying a binary gain/loss condition, we effectively correct for inherently biased gain/loss ratios of motif-based analyses that have been previously interpreted in the literature as indicative of a general accumulation of regulatory complexity. By correcting turnover rates for the number of occurrences of each short sequence, and ranking each sequence relative to its nearest mutational neighbors, our method corrects not only for differences in mononucleotide and dinucleotide For every seed length, conserved miRNAs were defined as those whose seed exists as a miRNA in human, mouse, and zebrafish. This resulted in 94, 93, and 92 "real" miRNAs for 7mer, 8mer, and 9mer seeds, respectively. For each seed length, every seed's turnover rates were ranked relative to sequences one mutational step away, with a rank of 1 corresponding to the slowest turnover rates and the highest rank corresponding to the fastest turnover rates. *Significant P values. P values were calculated using binomial distributions on the empirical data. Low probabilities near 0 indicate that having the same or more events occur by chance in a random draw from the data set is extremely unlikely, whereas high probabilities near 1 indicate that observing this number of events or more in a random draw from the data set is virtually guaranteed. 
1899
Evolutionary History of Primate miRNA Binding Sites . doi:10.1093/molbev/msu129 MBE composition, but higher order effects out to the full length of the sequence under investigation. Although we here report overall turnover rates of individual well-conserved miRNAs, our analysis may productively be reexamined to derive the turnover rates of particular species or categories of target genes or expanded to include the turnover rates of poorly conserved miRNAs. With slight modification, our methods may be extended to transcription factor binding site turnover rates and those of other motifs. We caution against the application of these methodologies to sequences predicted by synteny to widely diverged species, as alignable material decreases rapidly with phylogenetic distance even within primates.
Materials and Methods
Data Sets
Our experimental data set was curated from primate genomes using MAF alignments to the gorilla genome (to take advantage of the most current primate genomes) curated on the UCSC genome browser (Kent et al. 2002) . We compared these alignments with annotated human genes and used the alignment program LASTZ (Harris 2007) to filter out human proteins with low coverage or duplicated sequence (see supplementary methods in supplementary file S2, Supplementary Material online). The 3 0 -UTRs of the resulting set of genes were aligned with ambiguous nucleotides inserted to separate discontinuous regions in the MAF alignment, and regions with gaps or ambiguous nucleotides in some species were masked to ambiguous nucleotides in all species.
A second primate data set was simulated under a neutral model of evolution to evaluate whether underlying biases exist in different methods of counting miRNA binding site turnover events. This data set was created with the program SFS_CODE (Hernandez 2008 , see supplementary methods in supplementary file S2 and supplementary table S2 in supplementary file S1, Supplementary Material online) and consisted of 30,000 nucleotides of simulated sequence, with speciation events added using primate divergence times estimated by TimeTree (Hedges et al. 2006) to approximate the experimental primate data.
Defining the miRNA "Seeds" and Control Motifs
We analyzed the turnover rates of all seven base pair, eight base pair, and nine base pair sequences within 3 0 -UTRs (which we have termed 7mers, 8mers, and 9mers, respectively, or k-mers as a general term for these sequences of length k). In the case of 7mers, we defined a subset of putatively functional miRNA "seed" binding sites as those 7mers corresponding to the reverse complement of nucleotides 2-8 in the mature miRNA. The reverse complement of nucleotides 1-8 was defined as putatively functional for 8mers, and the reverse complement of nucleotides 1-9 was used for 9mers. In all cases, well-conserved mature miRNA seeds were defined as those annotated in miRbase 18 as a miRNA seed in human, mouse, and zebrafish (Kozomara and Griffiths-Jones 2014).
Motif-Based Parsimony Approach. We implemented a parsimony approach modeled on previous motif turnover studies (Nozawa et al. 2010 (Nozawa et al. , 2012 Meunier et al. 2013; Xiao et al. 2013 ) in which each location in an aligned 3 0 -UTR having at least one instance of a given short "seed" sequence-excluding those regions of 3 0 -UTR with gaps in any of the specieswas examined to determine which species contained the fulllength seed sequence at that location (coded as a "1") and which did not ("0"). Subsequently, we fit a most parsimonious interpretation of the ancestral gain and loss substitutions needed to fit the observed presence/absence values to the known species. Locations in the 3 0 -UTR in which multiple types of substitutions led to the same overall level of parsimony were not analyzed. When examining all 3 0 -UTRs in aggregate for a given 7mer, 8mer, or 9mer, each branch in the phylogeny had a cumulative number of inferred gain and loss events. By adding together the gains and losses across all branches, we were able to infer a total number of gain and loss events for a given k-mer across the phylogeny. In this way, the overall turnover rates of miRNA binding sites could be compared with the turnover rates of other 7mers, 8mers, and 9mers.
Nucleotide-Based Maximum likelihood Approach. As a separate approach, we inferred the ancestral states of each nucleotide using the maximum likelihood implementation of dnaml from the phylip phylogeny package (Felsenstein 2013) . As before, seed sequences corresponding to miRNA binding sites were analyzed, as well as other sequences of identical length, for 7mers, 8mers, and 9mers. Gain and loss events are assigned directly by comparing the aligned inferred ancestral sequences to the descendants.
Because frequently occurring motifs in 3 0 -UTRs have a higher probability of observing turnover events than rare ones (see supplementary fig. , supplementary file S3, Supplementary Material online), we calculated a normalized turnover rate by dividing the number of gain or loss events of each sequence by the number of total sites observed for that sequence. To control for the effects of nucleotide composition on turnover rate, we compared the normalized turnover rates of every short sequence to those of a cohort of short sequences within one base substitution of the sequence of interest, and assigned each short sequence a gain rank, loss rank, and total number of occurrences rank relative to this cohort. All scripts used to generate the data can be found online at https://github.com/alfredsimkin/AMTA (last accessed April 19, 2014) (Ancestral Motif Turnover Analysis).
Supplementary Material
Supplementary files S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
